Proponents of Taylor Rules assume that the natural rate of interest is independent of the rate of interest set by the central bank. We use data for Israel to test this hypothesis. We proxy the natural rate of interest by the forward yield to maturity on indexed-linked treasury bonds. If the null hypothesis is false it is difficult to suggest persuasive instruments that would identify the causal effect of the money rate on the natural rate of interest. Our identification strategy is therefore built around natural experimentation and event analysis. Large and seemingly exogenous shocks to monetary policy have no measurable effect on the natural rate of interest according to nonparametric and parametric tests. Therefore Wicksell's Classical Dichotomy is empirically valid.
Introduction

The Classical Dichotomy and Neo Wicksellian Monetary Policy
According to the Classical Dichotomy (Patinkin 1965) real variables, such as GDP and unemployment, should be independent in the long run of nominal variables, such as the money stock or the exchange rate. Although this independence is hotly disputed in the short run, there is a surprising degree of consensus about the empirical validity of the Classical Dichotomy in the long-run. Indeed, many New Keynesian economists, such as Blanchard and Qua (1989) , resort to the Classical Dichotomy to apply long run restrictions in order to identify SVAR models of macroeconomic activity. In many instances the Classical Dichotomy is accepted as a matter of faith.
However, the prediction that the "natural" or equilibrium rate of unemployment should be independent in the long run of nominal variables has been widely tested empirically.
In this paper we turn our attention to the predictions of the Classical Dichotomy regarding the relationship between what Wicksell (1898) termed the "money" and "natural" rates of interest 3 . In Wicksell's "cumulative process" deviations between the money and natural rates of interest affect inflation and economic activity in the short run, but in the long run the two rates of interest move back into line. In this process it is the money rate that adjusts to the natural rate, not the other way round.
Indeed the natural rate is hypothesized to be independent of the money rate. As in the Classical Dichotomy the natural rate of interest is ground out in general equilibrium by real economic forces, and is therefore assumed to be independent of nominal phenomena including the money rate of interest.
This Classical Dichotomy has become more important recently due to the resurgence of interest in neo-Wicksellian monetary policy (Woodford 2003 It is crucially important therefore for NWMP, which is widely practiced by central banks, that the natural rate of interest be independent of the money rate. If this were not so, the real economy would lack a Classical anchor, just as would be the case if the natural rate of unemployment was not neutral with respect to monetary policy. In this case the economy would be affected by hysteresis and shocks to monetary policy would have permanent real implications via its influence on the natural rate of interest. Also, if the natural rate of interest depended upon the money rate of interest, econometric estimates of Taylor Rules in which empirical proxies for the natural rate are assumed to be exogenous, would be misspecified 5 . In this context too it is important to establish that the natural rate of interest is independent of the money rate. In short, the foundations of NWMP would be seriously undermined if the natural rate of interest was determined by the money rate of interest.
Background and Methodology
In this paper we investigate empirically whether the natural rate of interest is independent of the money rate of interest. We represent the former by the forward yield to maturity on treasury bonds in Israel that are indexed to the consumer price index. We represent the latter by the Bank of Israel's (BOI) rate of interest, which is not indexed. We justify our proxy for the natural rate of interest later.
Since the Taylor principle predicts that the money rate depends on the natural rate, and rejection of the null hypothesis predicts that the natural rate depends upon the money rate, there is an obvious identification problem to be resolved in testing the 4 See, for example, Woodford (2003) It cannot be ruled out that variables such as inflation, growth and unemployment, which typically feature in empirical Taylor Rules, affect the natural rate of interest. If
Wicksell's Classical Dichotomy is indeed false, and the natural rate of interest is affected by the money rate, it may also be influenced by inflation and other variables that, according to the Taylor principle, affect the money rate of interest set by the central bank.
The quest for credible instruments to identify the causal effect of the central bank's interest rate on the natural rate lies at the heart of the matter in hand. In a similar context Estrella and Mishkin (1997) and Evans and Marshall (1998) do not use instruments at all. Instead they "identify" the effect of short rates on long rates by simply assuming that there is no immediate reverse causality. These and similar authors interpret the partial correlation between short-term and long-term rates of interest as a causal effect of the former on the latter. They rule out the possibility that there might be a causal effect running in the opposite direction from long rates to short rates.
Ideally, identification requires genuine or natural experimentation with monetary policy to evaluate its effect on the outcomes of interest. Indeed, this is the approach that we apply here. The same approach was also adopted by Romer and Romer (1989) , who drew their inspiration from Friedman and Schwartz (1963 In a similar spirit we identify several events where BOI changed its rate of interest in an extreme and arguably unexpected way. We treat these events as quasi experiments from which we may learn about the causal effect of monetary policy on the outcomes of interest. In this paper the outcome of interest is our proxy for the natural rate of interest. BOI does not have the equivalent of FOMC. However, BOI publishes various reports, which may serve a similar narrative function to the FOMC's protocols.
The Natural Rate of Interest
Defining the Natural Rate of Interest
According to Wicksell (1936, p102) 
The Marginal Productivity of Capital
One measure of the natural rate of interest is the marginal productivity of capital.
National income accounting data may be used to calculate the average return to capital, defined as profits divided by the stock of physical capital. We present such data for Israel 7 on Figure 1 (see Appendix 2), which shows that the return to capital has varied quite substantially. If the aggregate production function happened to be
) the marginal product of capital (MPK) is equal to α times the average productivity of capital (APK = Q/K), so that MPK = αAPK = αQ/K. Since α denotes the profit share, we may calculate MPK from factor share data and from data on the productivity of capital 8 . Alternatively, MPK may be calculated as in Figure 1 directly from data for profits, and the capital stock. In any case, to make this measure conform to Woodford's definition it would be necessary to have counterfactual data in Figure 1, Roberts (1997) . 10 Woodford (2003, p609) eschews the HP filter on practical rather than conceptual grounds, preferring instead the multivariate Kalman filter since it exploits more information than the HP filter. component is a nonstationary variable trend (θ t ), the second is a stationary component induced by real business cycles (c t ), and the third is a stationary component induced by price stickiness (x t ). Therefore Y t = θ t + c t + x t and the natural rate of Y is Y n = θ + c. The HP filter identifies the first component and the sum of the second two components. It fails to identify x and therefore Y n . Alternatively, it identifies Y n if c is assumed to be zero. Therefore the widespread practice of filtering does not produce plausible measures of the natural rates 11 .
Indexed Bonds
The natural rate of interest is a real variable. It is tempting therefore to look to the market for indexed bonds, which embody real rates of interest. where π m denotes a term premium. Equation (1) states that YTMs tend to exceed the underlying spot rate expectations, which is why yield curves tend to slope upwards.
The m -ahead forward rate (f t+m ) is derived by using market data on the YTMs on bonds maturing m and m-1 periods ahead:
and the rate of interest expected m periods ahead is equal to:
Since term premia normally vary directly with m, equation (3) says that forward rates tend to be greater than the expected spot rates to which they refer. Suppose the effects 11 Niess and Nelson (2002) even argue that the filtered output gap is negatively correlated with theorybased measures of the gap. Woodford's counterfactual definition. Equation (4) also shows that this forward yield to maturity reflects the natural rates of interest expected to prevail between 4 and 10 years ahead. Since term premia tend to vary directly with m, the forward YTM tends to overstate the natural rates of interest to which they refer. If prices were perfectly flexible, i.e. m* = 0, then z is the current yield to maturity on "natural" bonds maturing M years ahead.
If the term premium ratio is stable, equation (4) shows that changes in z are perfectly correlated with changes in expected natural rates of interest. Although absolute term premia might vary over time, the ratio between them is likely to be more stable for two reasons. First, real term premia are likely to be more stable than nominal term premia. Secondly, real term premia shocks are likely to be positively correlated, so that π M and π m* change in the same direction.
In summary, we use market data on the term structure of indexed bonds to calculate the forward yield to maturity, which we use to proxy the expected natural rates of interest. We cannot directly proxy the current natural rate unless we assume that prices are flexible (m* = 0). Nevertheless, we hope that finding a plausible proxy for the expected natural rate is a step forward. In principle we may infer the entire term structure of natural interest rates. However, we prefer to use the forward yield to Since m* is unknown we experiment with different values. Since the results are insensitive to minor changes in m* we report results for m* = 3 years.
In Figure 2 (see Appendix 2) we plot illustrative yield curves for indexed treasury bonds in Israel. In Figure 3 we plot the forward interest rates that are implied by the data in Figure 2 . These forward interest rates are real rates of interest because the term structures in Figure 2 refer to real rates of interest. The data in Figure 3 have been calculated under the assumption that the term premia are zero. Since these unknown term premia tend to vary directly with the term to maturity, equation (2) implies that the data in Figure 3 are over-estimates of the expected future spot rates of interest.
In Figure 4 (see Appendix 2) we plot the 3-year forward yield to maturity on 7-year indexed bonds implied by equation (4) Here too, we have ignored the term premia. Since the term premium on a 10-year bond is normally higher than on a 3-year bond, equation (3) implies that the forward rates in Figure 4 are over-estimates of the expected YTM If the term premia vary over time the forward rates will contain measurement error that is time dependent. However, this measurement error is mitigated in our case because, as mentioned, the term premia are real rather than nominal.
Testing for Neutrality
Identification
According to the null hypothesis β = 0 in the following linear model for the natural rate of interest:
where Z denotes a vector of exogenous variables hypothesized to determine the natural rate of interest, and i denotes the money rate of interest. The money rate of interest is hypothesized to be determined by a Taylor Rule: where X contains the variables to which monetary policy is hypothesized to react.
Also, the random components may be correlated, i.e.:
We assume that ε is iid. If the null hypothesis is correct and µ = 0, equation (6) is recursive to equation (5) implying one-way causation from the natural rate to the money rate. If, however, µ ≠ 0 then β is not identified. If the null hypothesis is incorrect equations (5) and (6) are simultaneous in which case the identification of β requires instrumental variables that affect i t but which do not directly affect r nt .
Clearly i t-1 cannot serve as an instrument because Z t will include i t-1 if the money rate has a lagged causal effect on the natural rate. Nor will components of X t contain identifying information if we cannot rule out that that the same components are contained in Z t . For example, the output gap and excess inflation are components of X t , but they arguably may also be components of Z t , especially if Wicksell's Classical Dichotomy is empirically invalid.
We eschew the widespread practice 12 of appealing to weak exogeneity as a source of identification. For example, if the lagged natural rate is specified in equation (6) instead of its current counterpart, β would be identified provided equation (5) did not include the lagged natural rate. Identification through weak exogeneity is risky because it requires dynamic restrictions, which are quite arbitrary. Economic theory usually has little to say about the dynamic specification of models. Therefore the appeal to weak exogeneity depends upon happen-chance, which in our opinion does not serve as a convincing methodological basis for hypothesis testing.
In a natural or quasi experiment the treatment varies in a way that is entirely independent of the outcome. In the present context this means that the central bank alters its rate of interest for reasons that have nothing to do with the natural rate of interest. More formally it means that shocks to ε t occur independently of u t and Z t .
12 Especially in the context of numerous applications of GMM. Since Z t potentially includes X t , this means that the central bank changes its rate of interest for reasons that are in some sense unusual or even haphazard. For example, the central bank might act out of panic and change the money rate in an abrupt and sharp fashion. Or it might act as a result of political pressure. What is important is that whatever triggers the natural experiment has nothing to do with current and lagged values of the natural rate and Z, and therefore X.
Note that a natural experiment is different from a real experiment in which shocks are initiated in a coordinated, premeditated way and even self-conscious way.
Real experiments may induce Hawthorne effects, which corrupt the experiment because the treated do not behave as they normally would (Jones 1992) . By contrast natural experiments occur without individuals being properly aware that they are in fact part of an experiment. As a result they behave unselfconsciously and naturally.
Just imagine what would happen if the Chairman of the Fed announced that he is cutting interest rates by a whole percentage point to help econometricians identify the effects of monetary policy. People would want to know how long does he intend to run this experiment? Does he intend to reverse the experiment in due course? Capital markets would get muddled.
As Friedman and Schwartz and the Romers before us, we try to identify "large and independent monetary disturbances", which represent the εs, or at least a subset of them. In principle the disturbances do not have to be large, but as we shall see, it is their very largeness that points to their independence, because large changes to interest rates are typically unexpected. If ε is small it not only generates less statistical resolution, it is also more difficult to be persuaded that it is indeed independent.
Event Analysis
Having identified the εs we use a non-parametric procedure based on event analysis (e.g. Campbell, Lo and MacKinley 1997, cap 6) to investigate the effect of the shocks on the proxy for the natural rate of interest. We take each "event" and track our proxy for the natural rate before and after the event. According to the null hypothesis the behavior of the natural rate should be independent of the event both before and after its occurrence. If the null hypothesis is rejected we expect to see significant changes in the natural rate in the aftermath of the event. Since there is no reason why the timing and the response of the natural rate should be identical across events we use nonparametric tests to investigate qualitative rejections of the null hypothesis.
We distinguish between different types of falsifying evidence in response to positive events (ε > 0):
1. The natural rate rises permanently and instantaneously to a new level after the event.
2. As in #1 but the response is gradual.
3. As in #1 but the response is transitory.
4. The natural rate adjusted prior to the event.
A combination of #1 and #4.
Note that since by definition ε is orthogonal to Z in equation (5), the event analysis identifies the dynamic effect of the money rate on the natural rate. It is not necessary to specify other variables that determine the natural rate as would be required for structural estimation. Suppose for example that the first type of rejection applies, this would identify β, the instantaneous causal effect of the money rate on the natural rate. If the second type applied, the dynamic causal effect of the money rate on the natural rate that there is no short-term response, i.e. when d is small, but there is a long-term response, i.e. when d is large, or vice-versa. This implicitly assumes that in the absence of 13 In clinical trials one does not require a complete structural model of the patients. It is merely necessary to compare the responses of the treated and the controls. Treatment effects are therefore reduced form parameters. 14 We normalize by the size of the change in the BOI's rate if interest and its direction.
the shock E(∆ d Y) = 0. According to the null hypothesis g n = 0 since shocks to the money rate should have no effect on the natural rate. We apply Wilcoxon's signed-rank test (W), which assumes that the quasi experiments are independent, by ranking the g's for different time frames d. W is normally distributed even when the number of experiments 15 is quite small. If W > 0 exceeds its critical value we may reject the null hypothesis that g = 0 over a given time frame. Alternatively, if W < 0 exceeds its critical value we may reject the null on the grounds that the effect of the money rate on the natural rate is significantly perverse.
Time Series Models
In addition to non-parametric event analysis we also use more standard econometric techniques for identifying the effect of quasi-experimental shocks to the money rate on the natural rate. We denote the expected real money rate of interest (r) as the money rate (i) minus expected inflation (π*): r = i -π*. In the long run Wicksell's model implies (up to a constant) that r = r n . We use the following vector error correction model (VECM) to identify the causal nexus between the natural and money rates of interest. For simplicity we assume that the VECM is first-order:
As in equation (1), Z in equation (8) is a vector of real variables that determine the natural rate of interest in the long run, which, under the null hypothesis, is equal to (π 1 + π 5 Z)/π 6 . The null hypothesis is rejected in the short-run if π 30 ≠ 0, it is rejected in the medium run if π 3i ≠ 0 for i = 1, 2,..s, and it is rejected in the long-run if π 4 ≠ 0, i.e. there is error correction from the money rate of interest to the natural rate of interest. Normally, we expect these coefficients to be positive. As in equation (2), X in equation (9) is a vector of "Taylor Rule" variables, which tend to zero over time as targets are achieved.
Wicksell's Classical Dichotomy predicts that r = κ 1 /κ 4 + r n in the long run, so that there is error correction from the natural rate to the money rate of interest, but not the other way around.
15 Owen (1962) provides exact critical values for W when the sample size is small. 
The Events
We have chosen 1994 -2004 as the observation period since the structure of monetary policy was homogeneous during this period. The government operated inflation targets, the exchange rate was flexible 16 , and BOI announced (about 10 days in advance) its rate of interest for the next month. For most of this period Jacob Frenkel was Governor of the Bank of Israel. David Klein was Governor during 2000 -2004 17 . As may be seen in Table 1 (see Appendix 3) the rate of inflation was reduced from the teens to zero, the rate of unemployment tended to grow, and the economy grew at an average annual rate of 4%. It was during this period that the economy absorbed mass immigration from the former Soviet Union, which added about 20% to the population during the 1990s 18 . In Figure 5 (see Appendix 2) we plot the BOI's interest rate, which serves as the money rate of interest.
During the period 1994 -2004 we have identified 7 events that constitute "large and independent monetary disturbances". Some of these events were doubles (events 5 and 7)
in that BOI changed interest rates more than once. Details of the event analyses for our 7 experiments are presented in the Appendix 1, where we show the response of our natural rate proxy before and after the event using an event window of 2 months. Note that we use daily data to increase resolution. In each event window we are looking for the effect of the shock on changes in the outcome variable. For example, in the first event, which took place at the end of August 1994, BOI raised its interest rate by 1.5%. However, there was no discernable change in the forward yield to maturity on indexed bonds either before or after the shock. There was a very small increase on August 21 but this was not statistically significant. It is unreasonable to claim that the bond market anticipated the shock.
Some of the events were triggered by shocks overseas. For example, Event 5 followed the Ruble Crisis, which broke out on August 17, 1998 when the Russian government defaulted on its ruble bonds. At first the crisis was regarded as a parochial 16 The exchange rate floated throughout the entire period, at first within a band, but the band was progressively widened. Until 1998 the float was managed, but subsequently there has been no exchange rate intervention. There is an obvious problem of identification here. The Ruble Crisis caused BOI to raise its interest rate, and it caused bond yields to rise. The event window shows that the bond market in Israel remained steady until mid September. By contrast domestic bond markets in other emerging markets, such as Brazil, South Korea and South Africa weakened substantially. It is ironical that by the time BOI took action bond markets in these countries had more or less recovered. Therefore Event 5 was simply panic reaction, which has obvious identifying power.
Other events were triggered by political shocks. For example, Event 6 followed extraordinary political pressure on Governor Klein, who quite uncharacteristically cut interest rates massively. Having realized his error this lead to Event 7 when interest rates were raised by a record amount of 3.5%. Figure 6 (see Appendix 2) provides a bird's eye view of the events.
Nonparametric Tests
Visual examination (see Appendix 1) of each of the events does not suggest that the 3-year ahead forward yield to maturity on 7-year indexed bonds responds to interest rate policy. In Table 2 (see Appendix 3) we classify the results for our 7 experiments.
The Wilcoxon test statistic is initially positive (when d = 1 day) but it falls well below its critical value. When a wider window is used W turns out to be negative, but never approaches statistical significance. While the event windows do not suggest that monetary policy affects our proxy for the expected natural rate of interest, they suggest that monetary policy may be affected by the natural rate of interest. It is noticeable that positive events (when BOI raised its rate of interest) followed increases in the natural rate, and negative events followed decreases. Indeed, this impression is confirmed by our estimates of the VECM.
Taylor Rule
In Table ( 3) (see Appendix 3) we report estimates of equation (9), which has been estimated using the general-to-specific methodology (Hendry 1995) . The X-variables to which BOI is hypothesized to react are similar to those reported by Sussman (2004) and Melnick (2005) . They include the output gap, the BOI's coincident indicator of economic activity, inflation, expected inflation, target inflation, and the output gap. The signs of these variables are as expected. Table 3 shows that BOI reacts particularly to changes in expected inflation, so that the Taylor Rule is forward-looking. However, it is also backward-looking since lagged inflation matters too. Note also that changes in the output gap rather than its level, and changes in the rate of growth in the BOI's coincident indicator induce reactions by BOI.
An important novelty is that we introduce our proxy for the natural rate of interest (z) into the model. Table 3 shows that BOI reacts to lagged changes in the natural rate of interest and that there is error correction from the natural rate to the (real) money rate.
Therefore, in the long-run the natural rate drives the money rate, on a one-to-one basis (up to a constant). There is both short-term and long-term error correction from the natural rate to the money rate. Within 6 months BOI raises its rate of interest by half a percentage point when the natural rate increases by one percentage point. Within a year it has completely adjusted its rate of interest to the natural rate.
Parametric Test of Wicksell's Classical Dichotomy
We estimated equation (8) using a variety of alternatives for the Z variables. These included expected yields to maturity on 10-year bonds issued by the US Treasury, the rate of growth of per capita income in Israel, and the ratio of government debt to GDP. In none of these specifications did the π 3 and π 4 parameter estimates turn out to be even remotely statistical significant. Therefore, both in the short-run and in the long-run there is no evidence that shocks to the money rate of interest affect the natural rate of interest.
The only statistically significant coefficients are the autoregressive parameters (π 2 ) at lags 1 and 2. Table 4 (see Appendix 3) presents a typical result. None of the coefficients on the ε's is remotely statistically significant, in which case the π 3 's are zero. The same applies to the coefficients on the lagged changes in the money rate of interest. Finally, there is no error correction since the coefficient of r -NRI does not approach statistical significance in which case π 4 is zero.
At one level this none-result is disappointing, because we have been unable to determine the variables that drive the natural rate of interest. On the other hand, it is encouraging because it shows that we cannot reject Wicksell's Classical Dichotomy, and that this result is robust with respect to alternative specifications of the Z variables.
In Table 4 m* = 3 years, which assumes that it takes 3 years for the effect of price stickiness to dissipate. We could find no causal effect of the BOI's interest rate on forward YTMs on indexed bonds when m* > 3, suggesting that price stickiness does not take longer than 3 years to dissipate. However, the same was not true when m* was reduced. For example, setting m* = 0, we estimated the following restricted model for YTM on 10 year index bonds:
The autoregressive structure is the same as in Table 4 . What is different is the coefficient on ε t , which is statistically significant, suggesting that there is an instantaneous causal effect of the money rate of interest set by BOI on the long-term indexed bond market.
This result is to be expected if price are not perfectly flexible, and so does not reject
Wicksell's Classical Dichotomy. However, when m* = 1 this effect weakens and disappears altogether when m* = 3 years as in Table 4 . This suggests that price stickiness dissipates after about 2 years.
Conclusion
To test Wicksell's Classical Dichotomy we use the forward yield to maturity on indexed bonds to proxy expected "natural" yields to maturity. In the absence of convincing exclusion restrictions on potential instrumental variables, we use natural experimentation and event analysis to identify the effect of monetary policy on the natural rate of interest.
We select 7 events in which the Bank of Israel changed its interest rate in a quasiexperimental manner. We use nonparametric and parametric tests to investigate the causal effect of the BOI's interest rate policy on the expected natural rate of interest. "During the last quarter of 2001 expected inflation was less than the lower bound of the inflation target, and it was apparent that the recession was deepening. These developments justified a cut in interest rates. On the other hand, the fiscal deficit substantially exceeded its target… Against this background the Government decided on a coordinated move in which fiscal discipline would be restored and BOI would cut interest rates by 2%." (Report 2001, page 4) Comment: This cut, announced on December 23, was most out of character. The otherwise extremely cautious Governor Klein had drastically cut interest rates in return for a promise of fiscal discipline by a notoriously incautious finance minister (Silvan Shalom). "Between April and the end of June all the relevant indicators of price and financial stability deteriorated persistently. In particular, the exchange rate and expected inflation continued to increase. BOI raises interest rates by 0.2% in May, but to no effect, and in June BOI raised interest rates twice by a total of 2.5%." (Report 2002, page 3) Comment: Once again BOI broke precedent by changing interest rates in the middle of the month. This event unwound Event 6. Fiscal discipline was not restored until the finance minister was replaced by Benjamin Netanyahu. . π = annual inflation, π e = expected inflation (derived from capital market data), π* = target inflation, C = log coincident indicator, GAP = output gap (derived from HPfilter). 
